Two inbred substrains of Long-Evans rats have been maintained under identical laboratory conditions. In one substrain (Olson-Goss) 25% of the neonates have spontaneously occurring membranous ventricular septal defects; in the other (California) only 4% are affected. Since a genetic etiology was indicated, two series of reciprocal crosses were made to evaluate the possibilities that the defects might result from an abnormal fetal genotype, a genetically abnormal intrauterine environment, or both. In both series parents of a highly defective litter ("high-incidence" pairs) were reciprocally mated to parents of a completely normal litter ("low-incidence" pairs). In Series I, all parental pairs were Olson-Goss animals; in Series II, the low-incidence pairs were California animals. Substitution of a low-for a high-incidence male consistently and appreciably decreased the incidence of defects in the progeny of high-incidence females. Conversely, low-incidence females produced a relatively large number of defective pups when mated to high-incidence males. These data suggest that the primary factor responsible for septal malformation is the fetal genotype rather than the intrauterine environment. Patroclinous reciprocal cross differentials, particularly marked in the substrain crosses, suggest, however, that secondary factors may also be implicated.
Both yielded inconclusive and somewhat contradictory data. Campbell and Goodwin (2) could attribute none of their clinical cases to a direct genetic cause and only a few to a direct environmental influence. They concluded, however, that present evidence supports the view of a genetic susceptibility to septal defect which expresses itself under certain environmental conditions. Although Lamy and associates (3) acknowledged that genetic factors may be the primary cause of certain other forms of congenital heart disease, they suggested that environmental influences were considerably more important in the etiology of ventricular septal defects.
The difficulties implicit in human retrospective studies and the forbidding length of time needed for prospective studies suggested the desirability of investigating the relative importance of intrinsic and extrinsic factors in an animal model. Given a mammalian sub-
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strain in which the incidence of spontaneously occurring defects was relatively high, large series of defective individuals could be obtained for genetic and embryological analysis, all matings and environmental conditions could be controlled, and all defects verified by autopsy. Over 6 years of selective inbreeding has resulted in the production of a substrain of Long-Evans rats (Olson-Goss) which appears to be well suited for the proposed study since it has good reproductive performance and the incidence of spontaneously occurring defects of the membranous interventricular septum is extremely high in newborn pups (25%). A control Long-Evans substrain (California), in which the incidence of ventricular septal defects is relatively low (4%), has been simultaneously maintained under identical breeding conditions.
The current study represents the first of a series of investigations concerned with the cardiac malformations which occur in the above substrains. It was designed to evaluate the possibilities that neonatal ventricular septal defects might arise from an unfavorable intrauterine environment, a defective fetal genotype, or a combination of the two.
Methods
ORIGIN OF SUBSTRAINS
The California substrain consists of the inbred descendants of 15 animals obtained from the randomly bred, original Long-Evans stock colony maintained by the Institute of Experimental Biology of the University of California at Berkeley.
The Olson-Goss substrain was started by 7 matings which hybridized 2 previously isolated Long-Evans substrains. One parental subline had been maintained as a randomly breeding but closed colony by Dr. C. M. Goss for over 27 years. Sampling of this substrain indicated a moderately high incidence of ventricular septal defects, approximately 8% (4). The second subline, developed by Dr. J. B. Olson, consisted of the highly inbred descendants of a male rat known to sire pups with an extremely high incidence (50%) of membranous septal defect.
PROCUREMENT AND EXAMINATION OF NEONATES
All animals were maintained and bred under identical laboratory conditions. Subsequent to weaning, members of the two substrains were housed, side by side, in suspended wire-bottom CircfUtiom Rumrcb, Vol. XX, Apnl 1967 cages. The room temperature was thermostatically maintained close to 72°F, artificial lighting was automatically provided from 5 A.M. to 8 P.M. Purina Laboratory chow and water were available ad libitum.
The breeding procedure consisted of isolating potential mating pairs and obtaining daily vaginal smears from the female. When sperm were identified in the smear, the female was returned to her home cage until 3 to 5 days prior to the calculated littering date (21 days after the day of sperm identification). At this time, she was isolated in a solid bottom Uttering cage, supplied with nesting material, and examined daily for evidences of parturition.
The newborn litters were removed as soon after birth as the laboratory schedule permitted. Pups born during the day were collected as soon as the litter was complete; those born during the night were collected early next morning. The neonates were immediately sealed in individual plastic vials and placed in a deep-freeze unit for storage. Subsequently they were thawed out and, with the aid of a stereoscopic dissecting microscope, their hearts dissected and examined for defects.
RECIPROCAL MATINGS
The experimental procedure was the same in both of two series of reciprocal matings. A large number of randomly mated pairs were allowed to produce a "test" litter. Two equally sized groups of parental pairs were selected on the basis of the incidence of septal defects among the neonates in these litters. One parental group ("highincidence") consisted of pairs that had produced a test litter containing a high percentage of defective young. The second group ('low-incidence") consisted of pairs that had produced no abnormal young in the test litter. The members of each high-incidence pair were subsequently mated to members of a randomly selected lowincidence pair and the newborn progeny of these reciprocal matings (high-female X low-male; lowfemale X high-male) examined for septal defects. The high-incidence pairs of both series were OlsonGoss animals. The low-incidence pairs were members of the Olson-Goss substrain in Series I, of the California substrain in Series II.
Observations and Results
NATURE AND INCIDENCE OF DEFECTS IN SUBSTRAINS
Including the test litters of the experimental series, 162 newborn litters of randomly mated Olson-Goss pairs and 45 litters of randomly mated California pairs were examined during the course of the study. A summary of the data compiled on the above litters is presented in Table 1 and Figures 1 and 2 . These data have two values. First, they afford an estimate of population parameters useful in the interpretation of the experimental findings; second, since all dams were exposed to the same laboratory environment, they indicate that the presence or absence of neonatal septal defects cannot be attributed to differential maternal exposure to environmental teratogenic factors. The substrains did not differ appreciably in respect to noncardiovascular traits. Neither sample contained any externally malformed pups; the average litter sizes and neonatal sex ratios were almost the same ( Table 1) .
The incidence of ventricular septal defects was, however, considerably higher in the Olson-Goss sample. The latter had a higher percentage of defective litters and a higher percentage of affected siblings within these litters ( Figs. 1 and 2) . Statistically, the substrain differential in incidence is highly significant (x 2 = 87.5, P<0.l%). The samples also differed in respect to the litter and sex distribution of the defects ( Table 1 ). The litter variance within the OlsonGoss substrain (calculated on the basis of percent incidence of defect per litter) was appreciably greater; the difference between the substrain variances being statistically significant at less than the 1% level of probabihty (F = 3.15). The slightly higher male incidence in the California sample is of no statistical significance, but the higher female incidence in the Olson-Goss sample is significant between the 5% and 1% levels of probability ( X 2 = 5.75).
Seventy-nine percent of the Olson-Goss, but only 41% of the California, defects were larger or smaller variants of the "low" type shown in Figure 3B . They were located either at the junction of the membranous and muscular components of the septum or occasionally slightly above this junction. The two components were malaligned so that when the heart lay in its normal anatomical position the upper end of the muscular com- 
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ponent was located to the left of the membranous segment and a probe, consisting of a coarse human hair, could easily be passed between them. In the vast majority of these defects (Low-open, Table 1 ), the free end of the probe emerged into the right ventricle through an opening situated under the septal leaflet of the tricuspid valve. In the remainder (Low-closed), egress into the right ventricle was blocked by either a thin membrane or by adhesions of the leaflet to the heart wall and only a cul-de-sac was present. The latter Abn. = abnormal.
Characteristics of Substrains
•Number in parentheses indicates a high plus a low defect. tDoes not include 1 pup vvith dextrocardia and septal absence. The remaining defects (High, Table 1 ) were located towards the middle or apex of the membranous triangle which was situated below and between the right coronary and noncoronary cusps of the aortic valve (Fig. 3C) . There was rarely any malalignment of the septal components with this type of defect and, although the latter could frequently be probed deeply, most were small
FIGURE 3
Interior 427 and nonpatent. High defects were proportionately more common among California pups (Table 1) . Eight Olson-Goss neonates possessed both a high and a low defect (Fig. 3D) .
Reciprocal Matlngi
Since the population survey indicated that external environmental factors were not directly responsible for the neonatal defects, a genetic etiology seemed to be indicated. Three possibilities were considered: (1) the genotype of certain dams resulted in an intrauterine environment unfavorable for normal cardiogenesis; (2) certain fetuses had a defective genotype; (3) both the fetal genotype and the intrauterine environment were implicated in defect production.
Reciprocal crosses between parents of normal and defective litters seemed a convenient method of simultaneously screening these three alternatives. Comparison of the test and reciprocal cross litters of the females should indicate whether the sire's contribution to the fetus, presumably only genie, influences the incidence of defects. Comparison of the two groups of reciprocal cross litters should indicate whether the maternal contribution, both environmental and genie, differs from that of the sire.
SERIES I-MATING* WITHIN THE OLSON-GOSS SUBSTRAIN
Data on the test and reciprocal cross groups of litters are summarized in Table 2 . The computations of litter size include 9 neonates which have been excluded from the remaining statistics because of inadequate data.
The groups did not differ significantly from each other, or the entire Olson-Goss population sample, in respect to litter size. Only the high-female X low-male group had a strikingly abnormal sex ratio. In each of the three groups which contained defective young, the ratio of low to high defects was somewhat higher than in the population sample.
The test groups each contained 11 litters. Although the total incidence of defective neonates in the high-incidence test group was considerably higher, than in the generaLOlsonGoss population, most of the individual highincidence litters contained only a moderately (Fig. 1) .
Comparisons between the test and reciprocal cross groups (Table 2) suggest that the identity of the sire can influence the incidence of neonatal septal defect. The incidence of defective neonates in the high-female reciprocal cross group was less than half that of the high test group. Conversely, the incidence of defects rose sharply when low females were shifted from low-to high-incidence males.
Data on the individual tetrads of matings (Fig. 4) show that the pattern was fairly consistent and that the same uterine environment can produce litters that differ markedly in respect to the incidence of septal defect. Only 3 high-incidence females (see 1, 4, 10 in Fig. 4 ) produced a comparable percentage of abnormal young in the test and reciprocal cross litters (compare first two bars from the left in individual histograms). Similarly, only 2 low-incidence females-5 and 9-produced exclusively normal reciprocal cross litters (bar 4). Considered in its entirety (high-female X low-male plus high-male X low-female litters), the reciprocal cross sample did not differ significantly from the Olson-Goss population in respect to the incidence of defects (x 2 = 3.7; P>5%) or the litter variance (F = 1.78, P > 5%). Comparison of the two reciprocal cross groups, however, indicates that the incidence of defects was lower and the litter variance less among the progeny of the high females ( Table 2 ). Neither of these differences proved to be statistically significant.
SERIES II-MATINGS BETWEEN THE SUBSTRAINS
This series was undertaken to determine whether the trends suggested in Series I would become more sharply defined if the two test groups differed more widely in respect to the incidence of septal defects. With one exception, data are complete on all neonates produced by the 60 matings. Group data are summarized in Table 3 ; the results of the 15 individual tetrads of matings are presented in Figure 5 . 
Series II. Percentage of interventricular septal defects in test and reciprocal cross Utters of Olson-Gcss (high-incidence) and California (low-incidence) substrains.
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Goss pairs were ready for the reciprocal mating at a time when no tested California pairs were available; consequently, in tetrads 2 and 3 the California "test" litter was obtained subsequent to the reciprocal cross litters.
The test and reciprocal cross groups did not differ significantly in respect to average litter size or sex ratio ( Table 3 ). The incidence of defects in the high test group was much higher than in Series I, individual litters containing from 29 to 15% abnormal young (Fig.  1) . There was an unusually high proportion of low defects, over twice that found in the Olson-Goss population sample.
The data parallel those of Series I but the pattern of variation was more consistent (Fig.  5 ). Only 5 of the reciprocal cross litters of the high-incidence Olson-Goss females were defective, each containing only 1 abnormal neonate. Conversely, 10 low-incidence California females produced defective reciprocal cross litters, 2 of the latter containing, respectively, 4 and 5 defective pups. These data take on added significance when compared with the data obtained in the population surveys. In the latter, 57% of the Olson-Goss litters were found to contain at least 2 defective siblings and only 1 California litter had as many as 3.
In its entirety, the hybrid reciprocal cross sample was significantly lower than the OlsonGoss population in respect to the incidence of septal defects (x 2 = 45.19; P<0.1%) and had significantly less litter variance (F = 2.76; P<\%). Compared to the California population, it had a significantly higher incidence of defects (x 2 = 10.9; P<0.1%) but was not significantly different in respect to litter variance (F = 1.14; P>5%). The ratio of low to high defects was intermediate between those characteristic of the parent populations.
As in Series I, comparison of the data on the two reciprocal cross groups (Table 3) reveals a patroclinous differential. The incidence of defects was significantly lower among the progeny of the Olson-Goss females (x 2 = 7.9; P<1%) and the litter variance significantly less (F = 13.29; P < 1%).
COMPARISON OF EXPERIMENTAL AND SIBLING LITTERS
In both series the test and reciprocal cross litters of the dams differed consistently and appreciably in respect to the incidence of septal defects. For a meaningful interpretation of these data it was necessary to know whether the identity of the sire was the only significant variable in the two matings and whether the differences were greater than might be expected to result from chance sampling. Considering the original selection of extremely high or low test litters, it seemed possible, although unlikely, that the data merely reflected a normal variation away from the selected extremes.
Unfortunately, although the experimental design necessitated the selection of the test litters, this procedure precluded statistical analysis as a method of evaluating the significance of the observed differences. Statistical comparisons (f-test) indicated that in both series each of the test groups differed significantly from each of the reciprocal cross groups in respect to the incidence of septal defects. However, this only indicates that there is little probability of the groups being random samples from the same population. Since the test groups are known not to be random samples, further valid inferences cannot be drawn from the statistical findings.
A review of the breeding records of the experimental females revealed, however, that approximately half of the dams utilized in Series II had been bred to the sire of the test litter at least twice. Since the variations between the litters within the sibships afford some information about the pattern and extent of normal variation, data on the sibships are presented in Figure 6 . The data on the reciprocal cross litter of the dam are included to facilitate comparisons. Most of the animals in the "sibling" litters were utilized as colony breeders and were, therefore, sacrificed as adults. Data derived from them can be used for comparative purposes, however, since additional unpublished data indicate that in both substrains the neonatal septal defects transform into saccular aneurysms which persist into adult life. Due to the laboratory practice of examining the hearts of all neonate culls from litters utilized in colony breeding, data on the sibling litters are complete except for 6 animals in the Olson-Goss and 13 in the California series.
Both the sibling and reciprocal cross litters of the Olson-Goss females differed from the test litters, but neither the pattern nor magnitude of the variations was the same. In the reciprocal cross group there was little litter variance (S 2 = 2.3) and all incidences were far below those of the test litters. The litter variance in the sibling group (S--32-3) was greater than that of the test group (S-= 157) and incidences equal to, or higher than, the test litter occurred. When the incidence did drop below the level of the test litter, it never dropped as low as in the respective reciprocal cross litter. Although the over-all incidence of defects dropped below that of the test sample in the sibling litters, the drop did not CifCuUtiou Rtitrcb, Vol. XX, April 1967 approach in magnitude those which occurred when high-incidence females were mated to low-incidence males in either experimental series (see Tables 2 and 3) .
As might be anticipated from the general low incidence of ventricular septal defects in the California substrain, all but one of the sibling litters produced by the California females contained exclusively normal pups and the over-all incidence of defects in the sibling litters was considerably lower than in the reciprocal cross litters.
Although limited, these data indicate that in Series II, at least, natural variation alone cannot account for the experimental findings. Further, since they do not indicate any consistent correlation between the incidence of defects and either parity or parental age, they strengthen the supposition that the only major variable in the reciprocal crosses was the identity of the sire.
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FOX explain the origin of the neonatal septal defects are reevaluated in light of the reciprocal cross data, it is possible to rule out the intrauterine environment as the primary source of the defects. If the uterine environment was the only factor implicated in defect production, successive litters of individual females should not vary appreciably in respect to the incidence of malformation and the identity of the sire should be of no significance. The data indicate the converse. The test and reciprocal cross litters produced by the same dam varied considerably, in many instances more than litters sired by the same male.
There is strong presumptive evidence, however, that the fetal genotype may be an important factor in the production of the defects. Comparisons of litters produced by matings in which the identity of the dam was the only variable (test and reciprocal cross litters of high or low males) or matings in which the identity of the sire was the only variable (comparable litters of high or low females) all indicate that appreciable and consistently unidirectional fluctuations in the incidence of defects occurred upon the substitution of either parent. Beyond indicating that the maternal organism can influence cardiogenesis, the variations correlated with the identity of the dam are not particularly informative. The latter could influence fetal development via her contribution of genes, egg cytoplasm, or intrauterine environment. It is difficult, however, to attribute variations correlated with the identity of the sire to anything other than his contribution to the fetal genotype.
On the basis of the present data, it is impossible to determine whether the fetal genotype is the only factor involved in the etiology of the septal defects. In certain inbred flocks of Brown Leghorn chickens, the etiology does appear to be wholly genie (5) . When members of flocks having, respectively, very high or very low incidences of ventricular septal defects were crossbred, the incidence of defects among the hybrids was always reduced below that of either parental flock and no reciprocal cross differences were noted. Embryological studies (6) suggest that the defects can arise from a number of morphological cardiovascular aberrations.
Although the author did not attempt a genetic analysis of the Leghorn data, several reviewers of the latter have suggested that they could be explained on the basis of a multigenic type of inheritance (1, 2) with two or more recessive pairs of alleles involved (2). Were it not for the patroclinous reciprocal cross differences, a similar relatively simple genetic mechanism could also be postulated to explain the data of the present study. However, if the patroclinous differentials are more than mere chance sampling variations, additional factors must be involved. At present, one can only speculate on the nature of such factors. Similar differentials have occasionally been attributed to an unequal parental transmission of defective genes resulting from an increased mutation rate in aging males (7), elimination of eggs with an unbalanced genotype (8), or selection against sperm of a particular genotype (9) . More frequently, reciprocal cross differentials have been traced to an incompatibility of the fetal genotype and some factor of maternal origin, e.g. the intrauterine environment (10), the egg cytoplasm (11, 12) , or the maternal genome (13). None of these possibilities are ruled out by the present data. In summary, although the data offer strong presumptive evidence that the fetal genotype plays an important and possibly primary role in the etiology of neonatal septal defects in the Olson-Goss and California substrains, considerably more genetic and embryological analysis is needed to confirm this hypothesis.
